The commonly used antimicrobial additive triclosan is a liver tumor promoter Triclosan [5-chloro-2-(2,4-dichlorophenoxy)phenol; TCS] is a synthetic, broad-spectrum antibacterial chemical used in a wide range of consumer products including soaps, cosmetics, therapeutics, and plastics. The general population is exposed to TCS because of its prevalence in a variety of daily care products as well as through waterborne contamination. TCS is linked to a multitude of health and environmental effects, ranging from endocrine disruption and impaired muscle contraction to effects on aquatic ecosystems. We discovered that TCS was capable of stimulating liver cell proliferation and fibrotic responses, accompanied by signs of oxidative stress. Through a reporter screening assay with an array of nuclear xenobiotic receptors (XenoRs), we found that TCS activates the nuclear receptor constitutive androstane receptor (CAR) and, contrary to previous reports, has no significant effect on mouse peroxisome proliferation activating receptor α (PPARα). Using the procarcinogen diethylnitrosamine (DEN) to initiate tumorigenesis in mice, we discovered that TCS substantially accelerates hepatocellular carcinoma (HCC) development, acting as a liver tumor promoter. TCS-treated mice exhibited a large increase in tumor multiplicity, size, and incidence compared with control mice. TCSmediated liver regeneration and fibrosis preceded HCC development and may constitute the primary tumor-promoting mechanism through which TCS acts. These findings strongly suggest there are adverse health effects in mice with long-term TCS exposure, especially on enhancing liver fibrogenesis and tumorigenesis, and the relevance of TCS liver toxicity to humans should be evaluated.
triclosan | liver fibrosis | tumor promoter | hepatocellular carcinoma T riclosan [5-chloro-2-(2,4-dichlorophenoxy)phenol, TCS] is a broad-spectrum antimicrobial agent ubiquitously used in personal care, household cleaning, and general consumer products (1) . Originally developed in 1972 as an antibacterial component in a surgical scrub formation, TCS is structurally similar to brominated diphenyl ethers, is generally accepted as welltolerated and safe, and has become one of the most common additives to many consumer products, including disinfectants, soap, shampoo, detergent, toothpaste, mouthwash, deodorant, and even textiles. A substantial increase of TCS use has occurred during the last 20 y, resulting in widespread environmental pollution and its detection in waterways and the biological fluids of wild animals (2) . In fact, TCS is listed among the seven most frequently detected compounds in streams across the United States, and ∼1,500 tons continue to be produced annually worldwide (3) . Once it has entered the body, TCS is mainly detoxified through glucuronidation by UDP-glucuronyltransferases (4) . Recent studies have revealed that TCS is capable of interfering with various hormones as a weak endocrine disruptor in multiple species (5) , as well as of impairing muscle contraction (6) .
TCS was tested in several cell-based genotoxicity assays with no detectable mutagenic activity; nonetheless, the potential carcinogenicity of TCS in vivo has been largely unexplored. Previous animal data in rodents indicate that hepatocyte hypertrophy and vacuolization occurred after TCS ingestion, and its action has been proposed to be mediated through peroxisome proliferation activating receptor α (PPARα), a mode of action considered to be irrelevant to humans (2) . To clarify the involvement of nuclear receptors, including PPARα, in TCS-mediated responses, we first implemented a high-throughput xenobiotic nuclear receptor (XenoR) screening assay. Our studies indicate that PPAR activation is not relevant to the toxic effects of TCS in mice. However, long-term TCS treatment of mice led to hepatic cell proliferation, hepatocyte fibrosis, and oxidative stress. On the basis of the belief that liver fibrosis, when advanced, is a risk factor for developing hepatocellular carcinoma (HCC) (7), we also carried out a tumor promotion study in which TCS treatment was preceded by administration of a tumor initiator diethylnitrosamine (DEN). This study documents the molecular and biochemical events regarding TCS-mediated fibrogenesis and demonstrates that TCS acts as a promoter of HCC development. The mechanism of TCS-induced hepatic tumorigenesis in mice may be relevant to humans.
Materials and Methods
Animals. Male C57BL/6 mice (3 wk old) were fed with a chow diet containing either 0.08% TCS (n = 6) or no TCS (n = 6). After 8 mo of TCS treatment, mice were killed and their livers were removed and were subject to analysis of gene expression and histological and immunochemical parameters. The Car-null (Car −/− ) mouse line was a generous gift from Masahiko Negishi (National Institute of Environmental Health Sciences), and genotyping for Car-null mice was described previously (8) . In the study of constitutive Significance Triclosan [5-chloro-2-(2,4-dichlorophenoxy)phenol; TCS] is a broadspectrum antimicrobial agent that has become one of the most common additives used in consumer products. As a result, TCS has significantly affected the environment and has been frequently detected in human body fluids. Through a long-term feeding study, we found that TCS enhances hepatocyte proliferation, fibrogenesis, and oxidative stress, which, we believe, can be the driving force for developing advanced liver disease in mice. Indeed, TCS strongly enhances hepatocarcinogenesis after diethylnitrosamine initiation, accelerating hepatocellular carcinoma (HCC) development. Although animal studies require higher chemical concentrations than predicted for human exposure, this study demonstrates that TCS acts as a HCC tumor promoter and that the mechanism of TCS-induced mouse liver pathology may be relevant to humans. TCS, and were treated with water (control) or 200 ppm TCS through drinking water. After 6 mo of treatment, all mice were killed, and their livers were removed, separated into individual lobes, and analyzed for the presence of HCC. Externally visible tumors (≥1 mm) were counted and measured by stereomicroscopy. The large lobe was fixed in a 10% formalin phosphate buffer overnight and paraffin-embedded for subsequent H&E or specific immunohistochemistry staining. Remaining lobes were pulverized and frozen at −80°C for total RNA isolation. All animals were housed at the University of California, San Diego, Animal Care Facility, and they received food and water ad libitum. All animal use protocols, mouse handling, and experimental procedures were approved by the University of California, San Diego, Animal Care and Use Committee, and these protocols were conducted in accordance with federal regulations.
Xenobiotic Receptor Screening Assay. The activity of mouse XenoRs, including pregnane X receptor (PXR), CAR, liver X receptor α (LXR α), farnesoid X receptor (FXR), vitamin D receptor (VDR), PPARα, PPARβ, PPARγ, estrogen receptor α (ERα), ERβ, and glucocorticoid receptor (GR) in response to TCS (10 μM) was monitored. CV-1 cells were maintained in DMEM (Life Technologies) supplemented with 10% FBS, seeded in 96-well plates, and transfected with an expression vector containing a specific nuclear receptor (i.e., PXR, CAR, LXRα, VDR, FXR, PPARα, PPARδ, PPARγ, or GR) and RXR, along with a luciferase reporter containing the appropriate DNA response element, as described previously (9) . The assay was first validated with known nuclear receptor ligands as positive controls, including pregnenolone 16α-carbonitrile (10 μm; Sigma) for PXR, 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (250 nM; Sigma) for CAR, β-estradiol (10 nM; Sigma) for ER, T0901317 (1 μM; CAYMAN Chemical) for LXRα, calcipotriol (10 μM; Sigma) for VDR, GW4064 (1 μM; Sigma) for FXR, WY14643 (30 μM; Sigma) for PPARα, GW501516 (100 nM) for PPARδ, rosiglitazone (1 μM; Cayman Chemical) for PPARγ, and dexamethasone (100 nM; Sigma) for GR. For the CAR ligand-binding assay, CV-1 cells were transiently transfected with the expression vector containing the Gal4 DNA-binding domain fused with the ligand-binding domain of murine or human CAR and cotransfected with the luciferase reporter plasmid, mh 100-luc (10) . The day after the transfection, the positive compound of each nuclear receptor or TCS was added and the cells were incubated for an additional 24 h. The luciferase activities were measured and normalized by β-gal activity.
Reverse Transcription and Real-Time PCR. The mRNA from fresh frozen tissues was extracted using TRIzol (Life Technologies) according to the manufacturer's protocol. cDNA was prepared using iSCRIPT (BioRad), and realtime PCR was performed using SYBR master mix (SsoAdvanced SYBR supermix, BioRad) with a pair of gene-specific primers and the cyclophilin (CPH) gene as an internal control gene, using the CFX96 Touch Real-Time PCR Detection System (BioRad). Each sample was performed in triplicate, normalized to the internal control gene CPH, and quantitated on the basis of the formula ΔCt (cycle threshold) = Ct (tested gene) -Ct (CPH) . The mouse sequences for forward and reverse primers are listed in Table S1 .
Immunohistochemical Staining, Sirius Red Staining, BrdU incorporation, in Situ Detection of Superoxide, and TUNEL Assay. For the staining of α-fetoprotein (Biocare, Catalog no. CP028A), Ki-67 (GeneTex, Catalog no. GTX16667), α-smooth muscle actin (α-SMA) (Abcam, Catalog no. ab5694), and CD45 (GeneTex, Catalog no. GTX76582), paraffin liver sections were prepared in the Histology Core (University of California, San Diego). Formalin-fixed, paraffin-embedded liver slides were deparaffinized and rehydrated, using xylene followed by alcohol and PBS washings. Antigen retrieval of tissue slides and the immunohistochemical staining with a primary antibody, secondary biotinylated antibody, and streptavidin-HRP (Pharmingen) were achieved as described previously (11) . Hepatic collagen content was analyzed by Sirius red staining (saturated picric acid containing 0.1% Sirius Red F3B) of paraffinembedded sections to assess the degree of fibrosis. The Sirius red-positive area was measured in four individual fields on each slide and quantified using NIH imaging software. For BrdU staining, vehicle-or TCS-treated mice were i.p. injected with 0.1 mL BrdU (10 mg/mL, Sigma) and killed 3 h later. Livers were removed and processed as indicated earlier. Paraffin-embedded sections were stained using the BrdU In-Situ Detection Kit (BD Biosciences). Dihydroethidium (DHE; Sigma) staining was performed to examine the accumulation of superoxide anions. Briefly, liver sections were embedded in Optimum Cutting Temperature embedding compound, and the frozen liver sections, after cryosectioning, were incubated with 5 μM dihydroethidine hydrochloride (Sigma) for 30 min at 37°C and were observed under a fluorescence microscope. Superoxide detection was also carried out with primary hepatocytes (12) after TCS (20 μM) treatment. Detection of apoptotic cells in tissue sections was performed by the TUNEL assay with the In-Situ Cell Death Detection Kit (TMR red, Roche), according to the protocol described previously (11) . TUNEL-positive cells were counted on five fields of 200× magnification per slide.
Alanine Aminotransferase Assay and Cell Proliferation Analysis. Mouse blood was collected at the end of the 6-mo treatment in the tumorigenesis study. Alanine aminotransferase (ALT) activity was determined by the Infinity ALT [glutamate pyruvate transaminase (GPT)] Kit (Thermo), and ALT standards (Enzyme Linearity Test Set) were from Microgenics CASCO. Cell proliferation was determined by an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Human hepatoma (HepG2) cells plated at 5 × 10 4 cells per well in a 96-well microplate were treated with TCS (15 μM) for 24 h, followed by the addition of 50 μL per well of 5 mg/mL MTT solution and incubation for 2 h. Subsequently, the MTT solution was replaced by 250 μL dimethyl sulfoxide. The absorbance was measured by 540 nm with a microplate reader (Biorad).
Statistical Analysis. Prism software (Version 5, GraphPad) was used to analyze the data, which are presented as mean ± SD. Differences between two groups were compared using the two-tailed unpaired Student t test. Differences among multiple groups were compared using one-way analysis of variance. P values < 0.05 were considered statistically significant, and statistically significant differences are indicated with *P < 0.05; **P < 0.005; ***P < 0.0005.
Results

TCS Treatment Increases Hepatocyte Proliferation and Induces Liver
Fibrosis and Reactive Oxygen Species Accumulation. In agreement with its abilities to induce hepatocyte hypertrophy and proliferation in rodent livers (2), TCS exposure for 8 mo resulted in an increased liver-to-body weight ratio without affecting body weight (Fig. 1A) . Real-time PCR analysis revealed TCS-induced expression of several markers and genes, including Ki-67, c-Myc, and Cyclin D1, which are all relevant to regulation of DNA synthesis and cell proliferation (Fig. 1B) . Enhanced cell proliferation was also indicated by the MTT cell proliferation assay in HepG2 cells treated with TCS (Fig. 1C) . Elevated expression of Ki-67 and cyclin D1 is associated with the onset of hepatocyte DNA replication in rodent models of liver regeneration (13) . The TCS-induced proliferative response was associated with increased expression of fibrogenic genes collagen 1a1, α-Sma, and tissue inhibitor of metalloproteinase 1 (Timp1) (Fig. 1D) . TCS-treated mice also exhibited elevated collagen accumulation in liver detected by Sirius red staining, further demonstrating the occurrence of hepatic fibrosis (Fig. 1E) . One pathogenic mechanism associated with fibrosis is oxidative stress (14) . We assessed accumulation of hepatocyte superoxides by staining frozen liver sections with DHE, the oxidation of which gives rise to the fluorescent derivative ethidene. Increased levels of superoxide were observed in livers of TCS-treated mice (Fig. 1F) . Moreover, TCS-treated livers exhibited a marked increase in expression of oxidative stress responsive genes, including heme oxygenase 1, NADPH hydrogenase quinone 1, and GST (Fig. 1G) , indicating occurrence of oxidative stress (15) . Collectively, these data indicate that TCS exposure creates a prooxidant hepatic environment and has proliferative and profibrogenic effects.
Nuclear Receptor Activation by TCS. Liver fibrosis during chronic liver disease is believed to promote hepatic carcinogenesis (7) . Before testing the hypothesis, that the profibrogenic effect of TCS would ultimately lead to liver carcinogenesis, we examined whether TCS activates PPARα, as previously suggested (2) . We monitored activities of a series of mouse XenoRs, including PXR, CAR, LXRα, FXR, VDR, PPARα, PPARβ, PPARγ, ERα, ERβ, and GR, and validated the assay by using a positive ligand for each nuclear receptor, as detailed previously (9) . Of the 11 XenoRs screened with TCS (10 μm), only CAR was modestly activated by TCS ( Fig. 2A) . All other XenoRs displayed statistically insignificant activation, including PPARα, which was previously suggested to be responsible for TCS-mediated hepatocyte proliferation and hypertrophy (2) . To characterize CAR activation by TCS, we examined TCS effect on a fusion protein containing the mouse CAR-ligand binding domain and the Gal4 DNA-binding domain. We found that the positive controls 1,4-bis[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP) and 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO) elicited a robust induction for mouse and human CARs, respectively, whereas TCS treatment had an insignificant effect on either of the CARs (Fig. 2B) , indicating that TCS is a CAR activator, but not a direct ligand for either mouse or human CAR (Fig. 2B) . The expression of Cyp2b10, a gene target that is regulated by CAR, was highly induced by TCS exposure, whereas a nearly complete absence of Cyp2b10 gene induction was observed in Car −/− mice after TCS treatment, indicating that CAR activation by TCS is responsible for induction of the Cyp2b10 gene. Consistent with the transcript levels, the Cyp2b10 protein was induced by TCS treatment, and the induction was blocked in Car −/− livers (Fig. 2C) . These results indicate that TCS does not activate PPARα, although it activates CAR through an indirect mechanism.
TCS Acts as a Tumor Promoter in Liver Carcinogenesis. There are two things that prompted us to examine the effect of TCS on liver tumorigenesis: first, the fibrogenic and proliferative potential after TCS exposure, and second, previous literature that established that CAR activation by phenobarbital and similar inducers can promote liver carcinogenesis (16) (17) (18) . Previous studies have shown that a single postnatal injection of tumor initiator DEN, which induces hepatocyte DNA damage and oncogenic mutations (19) , can result in the development of HCC. On the basis of the fact that male mice are more sensitive than females to DENinduced tumorigenesis (20) , male mice were given a single injection of DEN, followed by TCS treatment in drinking water (200 ppm) for 6 mo (n = 30-35 in each group). TCS treatment significantly increased liver tumorigenesis, but its action seemed to be independent of the nuclear receptor CAR (Fig. 3A) . TCStreated mice had a higher tumor number, bigger tumor size, and greater tumor incidence than mice given DEN alone, whether ) (n = 3) were treated with either DMSO or TCS (15 mg/kg) by intraperitoneal injection for 48 h. The liver tissues from each group were dissected, pulverized with liquid nitrogen, and pooled together. Total RNA was prepared followed by cDNA synthesis, and real-time PCR for Cyp2b10 expression was conducted to determine the Ct value, with cyclophilin as an internal control gene. (Right) The microsomal proteins were prepared from liver tissues and subject to Western blot analysis, using Cyp2b10 antibody as the primary antibody. mice is approximately twice as large as that in Car −/− mice. Strikingly, the number of detectable HCCs was ∼4.5-fold higher in TCS-treated mice than in control mice. Approximately 25% of DEN-only mice exhibited small nodules, whereas more than 80% of TCS-treated mice developed tumors. Maximal tumor diameter was also 3.5-fold larger in TCS-treated mice (Fig. 3A) . In addition, many HCCs in TCS-treated mice exhibited signs of neovascularization (indicated by the arrow in Fig. 3B ). As a consequence, TCS-treated mice exhibited increased serum levels of ALT and histological alterations in hepatocytes, suggesting that exposure to TCS is responsible for liver injury that leads to disrupted liver integrity and compromised liver function (Fig. 3B) . Expression of α-fetoprotein (AFP), a clinical biomarker for HCC, was noticeably elevated in the TCS-treated livers, as detected by immunostaining and real-time PCR (Fig. 3C) , further supporting the malignant potential of tumors in TCS-treated mice. Expression of fetal-specific liver genes, including insulin-like growth factor 2 and delta-like 1 homolog, was dramatically induced in TCStreated livers (Fig. 3C) . These results collectively demonstrate that TCS treatment increases susceptibility to DEN-induced carcinogenesis and promotes HCC development.
Characteristics of Tumor-Bearing Livers in TCS-Treated Mice. To further characterize livers of mice that underwent DEN initiation followed by a 6-mo TCS treatment, we examined cell proliferation and fibrogenesis. Our results show that when comparisons were made between TCS and control mice, TCS exposure enhanced hepatocyte proliferation and exerted profibrogenic effects in the liver. Labeling with BrdU and expression of Ki-67 revealed more proliferating hepatocytes in TCS-treated mice (Fig. 4 A and B) . Furthermore, TCS-treated mice exhibited collagen deposition and increased α-Sma expression, as detected by Sirius red staining and immunostaining, respectively (Fig. 4 C and D) ; real-time PCR analysis also showed elevated expression of genes associated with liver fibrosis, including collagen 1a1, α-Sma, and Timp1 (Fig. 4E) , indicating the occurrence of liver fibrogenesis.
Proinflammatory Responses Are Induced by TCS Treatment. Human and animal studies suggest that hepatic immunity is altered and liver inflammation is elevated during liver fibrosis (21, 22) . We determined that the abundance of inflammatory intrahepatic leukocytes (Cd45 + ) in the fibrogenic liver of TCS-treated mice was greatly increased (Fig. 5A) . In the presence of TCS, mice exhibited an increase in liver inflammation, as shown by consistently induced levels of chemokine (C-X-C motif) ligand 2 (CXCR2), a cytokine associated with histological liver lesions, tumor angiogenesis, and metastatic potential (23, 24) . Moreover, the hepatic expression of the inflammatory cytokines TNFα, and IL-6, as well as the fibrogenic cytokine TGFβ, was increased in mice receiving TCS compared with controls (Fig. 5B) . Under the TCS-mediated proinflammatory and profibrogenic environment, more apoptotic hepatocytes were detected (Fig. 5C ). When primary hepatocytes were treated with TCS, superoxides were detected by DHE staining (Fig. 5D) . NADPH oxidase, which converts molecular oxygen to superoxide, has been associated with reactive oxygen species (ROS) generation and liver injury (25) . We examined gene expression levels of various NADPH oxidase subunits, and up-regulation of gp91phox, p47phox, and p67phox mRNAs was observed in livers of TCS-treated mice (Fig. 5E ), suggesting gp91phox may be a contributing factor in superoxide generation. Together, these results demonstrate that TCS-treated mice exhibited hepatocyte death, compensatory proliferation fibrogenesis, oxidative stress, and proinflammatory responses, a critical process in hepatocarcinogenesis (26) .
Discussion
The human health effects resulting from long-term exposure to daily use of TCS-containing products and from environmental contamination are unknown. Several studies have found TCS in urine, serum, and breast milk in a high percentage of the population, indicating widespread TCS exposure. TCS levels in serum and urine varied greatly among people and can reach as high as 354 and 3,790 μg/L, respectively, largely depending on the regular use of TCS-containing products (27) . Another important factor is that individual metabolic capacity (e.g., UDP-glucuronyltransferase 1 expression levels affected by liver function or genetic polymorphism) may largely affect TCS concentration in the body. In our first long-term TCS study, mice received ∼68.6 mg/kg TCS daily, based on a diet of 3 g daily chow. For the tumorigenesis study, mice received less than 28.6 mg/kg TCS daily through water, based on 5 mL daily water consumption and because of partial solubility of TCS at a concentration of 200 ppm. To put this into perspective, people are exposed to ∼0.05 mg/kg of TCS using 1 g of toothpaste that contains 0.3% TCS when brushing their teeth, although the majority of the toothpaste would go down the drain a few minutes afterward. To date, it is challenging to use yet-to-be-defined relevant levels of TCS in animal studies and to translate findings to human health. We took a logical first step by conducting a mechanism-based study in mice that defines the pathological condition in the liver elicited by TCS exposure. With these scientific bases, longitudinal epidemiology studies examining the correlation of TCS body concentrations and liver disease should be carried out in the future.
Diseases leading to liver fibrosis include alcoholic-induced liver disease, viral hepatitis B and C, nonalcoholic steatohepatitis, and biliary disease (28) . Our findings suggest it would be meaningful to evaluate whether long-term TCS exposure may also be a risk factor for developing liver fibrosis in humans. In mice, we find that TCS administration causes chronic liver damage and apoptosis. With their regenerative capacity, the surviving hepatocytes undergo compensatory proliferation and fibrogenesis. In our tumorigenesis study, we further demonstrated that TCS markedly increased animals' susceptibility to tumorigenesis, supporting the belief that fibrosis, when advanced, is a risk factor for developing HCC (7, 29) . Our results suggest that TCS-induced hepatocyte proliferation and fibrogenesis may be the major driving force responsible for the etiology of HCC development.
Profibrogenic mediators elicited by TCS exposure remain to be explored. The most common and relevant mechanisms that are recognized in hepatic fibrogenesis are the production of ROS (30) and recruitment of inflammatory cells (31) , both of which were observed in the livers of TCS-treated mice. ROS generation in alcohol abuse, HCV infection, and chronic cholestasis is associated with various types of liver injuries accompanied by hepatic fibrosis (14) . In the TCS-treated mice, hepatic collagen deposition is concomitant with signs of oxidative stress. Activation of the NADPH oxidase also supports the notion that TCS creates a prooxidant hepatic environment that contributes to liver pathogenesis. The compelling evidence linking NADPH oxidase to liver fibrogenesis is that mice lacking p47phox are protected from developing liver fibrosis after chronic liver injury after bile duct ligation (32) . It will be interesting to understand the mode of activation through which TCS induces gp91phox expression. We believe that an increased susceptibility to oxidative stress may sustain, at least in part, fibrosis observed in TCS-treated mice because oxidative-related molecules may act as mediators to modulate tissues and cellular events responsible for the progression of liver fibrosis (33) . Tsukamoto and colleagues (34) demonstrated that ROS levels were positively associated with the release of TNFα and IL-6 in Kupffer cells. These results coincide with increased expression of TNFα and IL-6 in the livers of TCStreated mice, suggesting that activation of inflammatory cells may represent a major source of oxidative stress-related molecules that subsequently mediate cytotoxic responses and profibrogenic effects. Many questions regarding TCS-mediated fibrosis need to be further explored. For example, the relationship of TCS-induced liver fibrogenesis to the role played by hepatocytes, Kupffer cells, endothelial cells, and stellate cells is currently unclear. Animal and clinical studies indicate that hepatic stellate cells play a central role in fibrogenesis, are principal matrix-producing cells, and express α-SMA when activated. In the livers of TCS-treated mice, elevated levels of α-Sma and an increase in collagen deposition imply activation of hepatic stellate cells. Increased expression of inflammatory cytokines, such as CXCR2 and TNFα, as detected after TCS treatment, is associated with activation of Kupffer cells (35) , which represent another potential target to TCS insult. TCS proliferative and profibrotic property may not be restricted in the liver: Our preliminary data show that 8.3% of mice exposed to TCS developed renal hypertrophy with increases in renal cell proliferation and collagen accumulation, indicating the occurrence of kidney fibrogenesis (Fig. S1) . It is worthwhile exploring the possibility of TCS causing fibrotic disease to other organs and finding the central mediators that dictate fibrogenesis in these organs.
In our nuclear receptor assay, mouse PPAR displayed insignificant activation with 0.86-fold induction (compared with DMSO as 1-fold) in response to TCS. This experiment was validated by using WY14643 (30 μM), a known PPARα ligand, which gave rise to an 8.6-fold induction for PPARα activation. These results do not support the previous belief that TCS exerts its hepatic proliferative effect through PPARα activation (2) . We believe that TCS modulates neither mouse nor, most likely, human PPARα activation because Yang and colleagues (36) concluded that the ligand binding affinity between mouse and human PPARα is very similar for general ligands by using a humanized PPARα mouse model in which the human PPARα gene is expressed in the Pparα-null background. Using a different liver carcinogenesis protocol that involves coadministration of phenobarbital, the Negishi group (8) demonstrated that CAR activation is required for liver tumorigenesis by phenobarbital. Similar to phenobarbital, TCS activates CAR through an indirect mechanism. Although TCS-mediated liver tumorigenesis occurs in both Car +/− and Car −/− mice and there is no statistical significance for tumor formation in these two groups, Car +/− mice had a tumor number that is nearly twice as high compared with Car −/− mice, indicating the possible involvement of CAR in TCS tumorigenesis. Ligand-elicited CAR activation regulates genes primarily associated with xenobiotic metabolism and steroids and bile acid homeostasis (37) . Thus, TCS contamination in biological systems may pose a risk by interfering with the metabolism of endogenous and exogenous substrates through CAR-target xenobiotic genes. The link between CAR and TCS liver toxicity and the physiological effects (e.g., clinical drug-drug interactions) of TCSmedicated CAR activation need to be further identified.
In our tumorigenesis study, TCS-treated mice exhibited cell proliferation, hepatic fibrosis, and proinflammatory responses, all of which resemble the microenvironment within which human liver cancer forms (38, 39) . As a weak carcinogen, DEN alone can only produce a low number of lesions that undergo malignant conversion ∼8 mo after initiation (26) . Using this animal model in the 6-mo study course, we demonstrate that mice exposed to TCS markedly increased their susceptibility to tumorigenesis. HCC is the third largest cause of cancer deaths worldwide, and effective treatments have not yet emerged. We are constantly exposed to a variety of genotoxins, such as benzo(a)pyrene and heterocyclic amines, that are present in the environment and in our diet and that can potentially act as cancer initiators. Combined with the ubiquitous presence of TCS, it is expected that the manifestation of TCS-induced hepatic tumorigenesis would occur in humans as it occurs in mice. TCS is rapidly absorbed from the gastrointestinal tract and skin and is eliminated from the body mainly through glucuronidation, as evidenced by TCS glucuronides being the most abundant metabolite in urine (4) . It is reasonable to speculate that, particularly when the liver is in a diseased state or UDPglucuronyltransferase expression is not optimal (e.g., inactivating gene polymorphisms in the UGT1A1 gene, as seen in CriglerNajjar and Gilbert's syndromes) (40) , exposure to TCS from multiple resources may exceed the metabolic capacity that the body can provide. Our results clearly document that TCS accelerates both HCC development and its long-term effects on liver damage, accompanied by fibrosis and inflammation in mice. In summary, this study provides compelling evidence that TCS plays a pathologic role in promoting tissue fibrogenesis, leading to liver carcinogenesis. (P values <0.05 were considered statistically significant; *P < 0.05, **P < 0.005, ***P < 0.005.) Table S1 . List and sequence of primers used for real time-PCR Primer Sequence CPH fwd 5′-AGACGCCACTGTCGCTT-3′ CPH rev 5′-GTCTTTGGAACTTTGTCTGCAA-3′ HO-1 fwd 5′-CAGGTGTCCAGAGAAGGCTTT-3′ HO-1 rev 5′-TCTTCCAGGGCCGTGTAGAT-3′ NQO1 rev 5′-GCAGGATGCCACTCTGAATC-3′ NQO1 fwd 5′-GGTGATATTTCAGTTCCCATTGC-3′ GSTA1 fwd 5′-CAGCCTCCCCAATGTGAAGAA-3′ GSTA1 rev 5′-TGGCTCCATCAATGCAGCTT-3′ CYP2B10 fwd 5′-ACTCCGACTTCGTCCACCT-3′ CYP2B10 rev 5′-GGCTCAATGGTCATGTGGCA-3′ K i -67 fwd 5′-AGAGCCTTAGCAATAGCAACG-3′ K i -67 rev 5′-GTCTCCCGCGATTCCTCTG-3′ CD45 fwd 5′-GCTCAAACTTCTGGCCTTTG-3′ CD45 rev 5′-AAGAGTTGTGAGGCTGGCAC-3′ c-Myc fwd 5′-AGAGCTCCTCGAGCTGTTTG-3′ c-Myc rev 5′-TGAAGTTCACGTTGAGGGG-3′ CYCLIND1 fwd 5′-TCCTCTCCAAAATGCCAGAG-3′ CYCLIND1 rev 5′-GGGTGGGTTGGAAATGAAC-3′ AFP fwd 5′-CTTCCCTCATCCTCCTGCTAC-3′ AFP rev 5′-ACAAACTGGGTAAAGGTGATGG-3′ IGF2 fwd 5′-TGAGAAGCACCAACATCGAG-3′ IGF2 rev 5′-CTTCTCCTCCGATCCTCCTG-3′ DLK1 fwd 5′-TGTGCAGGAGCATTCGTACT-3′ DLK1 rev 5′-CGGGAAATTCTGCGAAATAG-3′ CXCR2 fwd 5′-ATGCCCTCTATTCTGCCAGAT-3′ CXCR2 rev 5′-GTGCTCCGGTTGTATAAGATGAC-3′ TNFα fwd 5′-CATCTTCTCAAAATTCGAGTGACAA-3′ TNFα rev 5′-TGGGAGTAGACAAGGTACAACCC-3′ IL-6 fwd 5′-GAGGATACCACTCCCAACAGACC-3′ IL-6 rev 5′-AAGTGCATCATCGTTGTTCATACA-3′ COL1A1 fwd 5′-TAGGCCATTGTGTATGCAGC-3′ COL1A1 rev 5′-ACATGTTCAGCTTTGTGGACC-3′ α-SMA fwd 5′-GTTCAGTGGTGCCTCTGTCA-3′ α-SMA rev 5′-ACTGGGACGACAGGAAAAG-3′ TGFβ1 fwd 5′-GTGGAAATCAACGGGATCAG-3′ TGFβ1 rev 5′-ACTTCCAACCCAGGTCCTTC-3′ TIMP1 fwd 5′-AGGTGGTCTCGTTGATTTCT-3′ TIMP1 rev 5′-GTAAGGCCTGTAGCTGTGCC-3′ gp91phox fwd 5′-TGTGGTTGGGGCTGAATGTC-3′ gp91phox rev 5′-CTGAGAAAGGAGAGCAGATTT-3′ p47phox fwd 5′-CTATCTGGAGCCCCTTGACA-3′ p47phox rev 5′-TCCTCTTCAACAGCAGCGTA-3′ p67phox fwd 5′-GCTGCGTGAACACTATCCTGG-3′ p67phox rev 5′-AGGTCGTACTTCTCCATTCTG-3′
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fwd, forward; rev, reverse.
